Lipopolysaccharide (LPS) is a major component of the outer membrane of gram-negative bacteria. The diverse O antigen portion is an important determinant of the surface character of the cells, including their outer membrane permeability (38), electrical charge (44), reactivity to antibodies, and susceptibility to phages (32), and so affects the adaptation of bacteria to their environments. LPSs of many bacteria also show potent endotoxin activity (22). In cyanobacteria, LPS may adsorb cyanophage (42), and its endotoxin activity may affect aquatic habitats (25).
Lipopolysaccharide (LPS) is a major component of the outer membrane of gram-negative bacteria. The diverse O antigen portion is an important determinant of the surface character of the cells, including their outer membrane permeability (38) , electrical charge (44) , reactivity to antibodies, and susceptibility to phages (32) , and so affects the adaptation of bacteria to their environments. LPSs of many bacteria also show potent endotoxin activity (22) . In cyanobacteria, LPS may adsorb cyanophage (42) , and its endotoxin activity may affect aquatic habitats (25) .
LPS consists of three covalently linked domains: lipid A, oligosaccharide core, and O antigen. The O antigen portion is comprised of serially repeated, strain-specific oligosaccharide units. This polymer of oligosaccharide units is the immunodominant portion of the LPS and often serves as a bacteriophage receptor. Assembly of the lipid A-core portion and synthesis of the O antigen units are directed by the rfa and rfb genes, respectively. In a "block" mechanism of O antigen synthesis, repeating subunits of the O antigen, synthesized by sequential transfer of monosaccharide constituents to a lipid carrier at the cytosolic side of the cytoplasmic membrane, are transported to the periplasmic side of the cell membrane and polymerized. The polymerization, directed by rfc genes, entails transfer of an already synthesized unit or polymer of units to the reducing terminus of a single lipid-linked unit (34, 45) . Assembly of LPS is completed by ligation of an entire polysaccharide chain to oligosaccharide core-lipid A. Finally, LPS is translocated to the outer membrane. All of the enzymes, lipid carriers, intermediates, and LPS itself are membrane bound. In this mechanism for LPS synthesis, the first monosaccharide residue transferred to a lipid carrier is galactose-1-phosphate. The gene, rfbP, responsible for the transfer of that galactosyl residue is indicative of the block mechanism of LPS synthesis. An alternative, monomeric mechanism of O antigen synthesis proceeds at the cytoplasmic membrane by sequential addition of mannosyl residues to the nonreducing terminus of the forming chain and leads to the synthesis of an LPS in which the repeating subunit of O antigen contains three or five interlinked mannosyl residues (22, 45) .
Cyanobacteria are a group of oxygenic, photosynthetic gram-negative bacteria. Although the wall of cyanobacterial vegetative cells has been incompletely defined, chemically, LPS is typically a constituent and contains domains that are similar to those in other bacteria (14) . The LPS of the unicellular species Anacystis nidulans KM has been studied in detail (24) . Its O antigen, reminiscent of the O antigen of Escherichia coli O8 and O9, contains 1,4-interlinked trisaccharides of 1,3-linked mannosyl residues. As in other phototrophic bacteria, some of the mannosyl residues are methylated. The O antigen of a filamentous species, Anabaena variabilis, contains L-acofriose, L-rhamnose, D-mannose, D-glucose, and D-galactose (50) , suggestive of a block mechanism of synthesis. There is biochemical evidence that cyanobacterial LPS may be involved in binding of cyanophages (42) . Specificity in infection of different strains corresponds to LPS chemotyping (43) .
In many filamentous cyanobacteria, vegetative cells can differentiate into heterocysts, cells that are specialized for aerobic fixation of N 2 , at semiregular positions along the filaments (5, 55) . During heterocyst development, a cellular envelope is produced that contains, outside of a wall like that of a vegetative cell, a laminated layer of glycolipids, exterior to which is a homogeneous polysaccharide layer. The envelope has openings at the ends of the cell, enabling metabolic exchange with vegetative cells (55) . The partial O 2 pressure of the interior of mature heterocysts is kept very low by a combination of respiration and the glycolipid layer barrier to the entry of gases (17, 35, 47) . Defects in either consumption of oxygen or the structure of the envelope can result in the Fox Ϫ phenotype, i.e., an inability to fix dinitrogen under aerobic conditions (18) . Although mechanisms of envelope deposition have been little studied, it is known that a mutation in the gene hglK results in accumulation of envelope glycolipids inside of the cell wall (2) and that synthesis of the polysaccharide layer probably involves phospholipid intermediates (12) . The possibility that alteration of the chemical structure of surface components of the vegetative cell from which a heterocyst is differentiating could interfere with the deposition of heterocyst envelope materials, thereby affecting the capacity of the resulting heterocyst for aerobic nitrogen fixation, has not been investigated. Different mutants of Anabaena sp. strain PCC 7120 selected as resistant to cyanophages and Fox Ϫ proved to be defective in synthesis of LPS. We have cloned and characterized the gene responsible.
MATERIALS AND METHODS
Bacterial strains and cyanophages. Anabaena sp. strain PCC 7120 and its derivatives as well as cyanophages (Table 1) were grown at 30°C in the light (ca. 3,500 ergs cm Ϫ2 s Ϫ1 ) on a rotary shaker in 50 ml of AA/8 medium (20) supplemented with 5 mM nitrate in 125-ml Erlenmeyer flasks. Other bacterial strains utilized and plasmids cited are listed in Table 1 . Unless stated otherwise, mutant strains were grown in the presence of the appropriate antibiotics at concentrations described by Khudyakov and Wolk (26) .
DNA methodology. DNA manipulation was done according to standard methods (41) . Overlapping regions of both strands of DNA were subcloned and sequenced, except that the DNA flanking Tn5-1087b in mutant B14 was sequenced completely on only one strand. Automated sequencing was performed with universal primers. Database comparisons and alignments of the translated sequences were performed with the default settings of the algorithm developed by Altschul et al. (1) at the National Center for Biotechnology Information through the BLAST network service. Genomic mapping was performed as described previously (30) .
Mutation of cyanobacteria and testing of nitrogenase activity and sensitivity to cyanophages. Spontaneous mutants of Anabaena sp. strain PCC 7120 were selected for resistance to cyanophages A-1(L) and A-4C10. Up to 20% of such mutants (e.g., mutant R56) also showed a Fox Ϫ phenotype. Aerobic nitrogenase activity was tested by acetylene reduction in the presence of air plus 10% (vol/vol) C 2 H 2 . The capacity for anaerobic nitrogenase activity (the Fix ϩ phenotype) was assessed as follows with filaments that had formed heterocysts that lacked aerobic nitrogenase activity. One-half milliliter of suspension (ca. 7.5 g of chlorophyll a ml Ϫ1 ) was incubated for 3 h with illumination and shaking under argon in the presence of 10 M dichlorophenyldimethylurea in 12-ml serum vials. C 2 H 2 (10% [vol/vol]) was then added, incubation continued for 3.5 h as before, and the formation of C 2 H 4 was measured with a Varian model 3700 gas chromatograph.
To test for the phage sensitivity of different mutant strains, portions of rapidly growing cultures of Anabaena sp. strain PCC 7120 were applied in stripes atop petri dishes of AA nitrate agar (20) . After 1 to 2 days at 30°C, pale green stripes appeared on the agar surface. Three-microliter portions of suspensions of cyanophage A-1(L) or A-4(L) (10 6 to 10 7 PFU ml Ϫ1 ) were spotted atop the stripes, and the petri dishes were then illuminated for an additional 2 days, at which time, zones of lysis were observed within stripes of phage-sensitive strains. Strain PCC 7120 was also mutagenized by transposon Tn5-1087b (18, 54) and then was screened for Fox Ϫ mutants. Six percent of such mutants (e.g., mutant B14) were found resistant to either or both of the A-1(L) and A-4(L) cyanophages.
⍀, the omega cassette (39) , which confers resistance to streptomycin and spectinomycin, is bracketed by T4 gene 32 terminators and short, inverted sequences containing several cloning sites. In pRL57, the cassette is provided with additional ends by insertion between inverted polylinkers. Specific genes within Anabaena sp. strain PCC 7120 were inactivated upon double reciprocal recombination (7) with cloned copies of those genes that were interrupted either by an inserted copy of ⍀ or by an inserted copy of Tn5 into the BamHI site of which an ⍀ cassette had been ligated. The resulting constructions were introduced into Anabaena sp. by conjugation (16) . The structures of the recombinants were confirmed by Southern analysis of chromosomal DNA digested separately with NheI and XbaI (data not shown).
Complementation of spontaneous mutant R56 and recovery of transposonmutated DNA from mutant B14. A cosmid library of Anabaena sp. strain PCC 7120 (4) was transferred to Fox Ϫ Fix ϩ mutant R56 by conjugation, with selection on AA agar (20) plates containing 25 g of neomycin ml Ϫ1 (53) . Complemented colonies were grown in liquid medium AA/8 plus 15 g of neomycin ml Ϫ1 . Cosmids pRL1643 and pRL1644, retrieved from Anabaena sp. by a rapid protocol involving boiling (6), were transferred to E. coli by electroporation (8) . Transposon Tn5-1087b and DNA contiguous with it were recovered from mutant B14 by partial digestion with EcoRI, self-ligation, and transfer to E. coli (54) , yielding plasmid pRL1542.
Random insertion of Tn5 into a plasmid in E. coli. E. coli-Anabaena sp. shuttle plasmid pRL1669 was transformed into E. coli SJ090 bearing a chromosomal copy of Tn5 that conferred resistance to 50 g of kanamycin ml
Ϫ1 . Upon transposition of Tn5 to the plasmid, the increased copy number of the transposon resulted in increased resistance to kanamycin. Derivatives resistant to 1,000 g of kanamycin ml
Ϫ1 were screened for the presence of plasmids bearing insertions of Tn5. Such plasmids were purified by transformation to E. coli DH5␣. The transposons were localized unambiguously within those plasmids by digestion of pRL1669::Tn5 separately with (i) PstI, for which there are sites flanking the Anabaena sp. portion as well as within Tn5, and (ii) SalI, for which there is a single site 226 bp from the center of Tn5 and a single site within pRL1669. The positions of insertions 99, 101, 104, 105, 107, 108, 112, and 114 ( Fig. 1) were confirmed by digestion with NheI and, separately, with a combination of ClaI plus EcoRI. Southern analysis of Anabaena sp. mutants generated by homologous recombination with derivatives of insertions 107 and 99 later provided convincing evidence of their positions in, respectively, rfbZ-like and rfbP ORFs. Insertions 99 and 105, which are within rfbP, blocked complementation, as did insertion 112, which is either in rfbP or close to but upstream from that gene, whereas other insertions that are presumably outside of rfbP did not block complementation (see Results).
Analysis of LPSs. LPSs were extracted from lyophilized Anabaena sp. strain PCC 7120 and its derivatives with hot phenol (52) . The extracts were dialyzed against 3 liters of distilled water, changed twice per day for 4 days, lyophilized, and dissolved in water. Ribonucleic acids were removed by ribonuclease. LPSs were analyzed by electrophoresis on 15% gels of polyacrylamide and stained with silver (46) .
Electron microscopy. Samples were prepared for electron microscopy by the methodology of Black et al. (2) .
Nucleotide sequence accession number. The nucleotide sequence reported in this study has been submitted to GenBank under accession no. U75690.
RESULTS
Complementation of mutants R56 and B14. Spontaneous mutant R56 and Tn5-1087b-generated mutant B14 were resistant to cyanophages A-1(L) and A-4(L) and were unable to grow aerobically on N 2 . Cosmids pRL1643 and pRL1644, derived from complementation of R56, complemented B14 as well as R56 to both phage sensitivity and a Fox ϩ phenotype. Products of partial digestion of plasmid pRL1643 with Sau3AI in the size range of 4 to 6 kb were eluted from an electrophoretogram and cloned into shuttle vector pRL57. One resulting plasmid, pRL1660, contained a 6-kb subclone of Anabaena sp. DNA, hybridized with a single ca. 9-kb EcoRV fragment of genomic DNA in a Southern blot, and also complemented both mutants. Restriction analysis of pRL1542, recovered from mutant B14, and pRL1643 suggested that the genomic portions of their DNA overlapped (Fig. 1) .
Delimitation of a complementing region by random insertion of Tn5. Removal of an SphI fragment from pRL1660 inactivated its npt gene and produced plasmid pRL1669. The latter plasmid was randomly mutagenized with Tn5. Seventeen of the resulting plasmids bore Tn5 in their Anabaena sp.-derived DNA. Upon transfer of these 17 plasmids to strain R56, all but three (99, 112, and 105), in which the Tn5 insertions were clustered in a 0.6-kb region, restored phage sensitivity to R56 (Fig. 1) . However, none of the plasmids, although capable of replication, rendered R56 capable of healthy growth in nitrogen-free medium. Similarly, plasmid pRL2031, bearing rfbP within an XbaI-EcoRI subclone from pRL1660, also complemented the phage resistance of B14 and R56 to phage (Fig. 2) . Translation of the nucleotide sequence of those ORFs predicted products that were similar to the products of three rfb genes. Amino acids 21 to 252 of the central, complete ORF showed 61% identity (76% similarity) to a Synechocystis sp. strain PCC 6803 ORF, while amino acids 48 to 71 and 85 to 244 showed 54% identity (73% similarity) to a C-terminal portion of a Salmonella enterica protein (Fig. 3b) . This C-terminal sequence corresponds to an rfbP domain that encodes an undecaprenyl-phosphate galactosephosphotransferase, while the N terminus corresponds to an rfbT domain, whose product may translocate undecaprenyl pyrophosphatelinked O antigen across the cytoplasmic membrane (48) . Because the middle ORF corresponds to the galactosyl transferase portion, we denote it rfbP. Amino acids 49 to 72 and 86 to 249 of Anabaena sp. rfbP also showed 45% identity (65% similarity) to the Rhizobium sp. exoY gene, whose galactosyl transferase product is involved in exopolysaccharide synthesis (40) . Upstream from Anabaena sp. rfbP is an ORF whose C-terminal 126 amino acids showed 54% identity (64% similarity) to a predicted protein from Synechocystis sp. strain PCC 6803 and 61% identity (75% similarity) to the C-terminal portion of a predicted protein, RfbZ, the product of the first mannosyl transferase gene in O antigen serogroup C2 of Salmonella enterica (33) . We therefore tentatively denote this Anabaena sp. ORF rfbZ. The ORF 3Ј from rfbP showed 68% identity (84% similarity) to a portion of the predicted product of rfbD, encoding GDP-D-mannose dehydratase, from E. coli and 78% identity (89% similarity) to a gene from Synechocystis sp. strain PCC 6803 (Fig. 3c) . We tentatively denote this Anabaena sp. ORF rfbD. The observed sequence of the DNA flanking the transposon recovered from mutant B14 (Fig. 1 ) was identical to the sequence of wild-type DNA from the cosmid (data not shown).
Insertional inactivation of rfb-like genes. Four pRL1669:: Tn5s with different insert positions were chosen to make pRL1726, pRL1822, pRL1963, and pRL1967 (Table 1) Fig. 2 is omitted from Fig. 1 ϩ and cyanophage sensitive. Southern blots of pulsed-field gels of wild-type PCC 7120 DNA that had been digested separately with SalI, PstI, and BlnI plus SphI were probed with labeled insert from pRL1660, which is a subclone of a cosmid that complemented spontaneous mutant R56, and (separately and without SphI having been used for the chromosomal digests) with an EcoRV-XbaI fragment of pRL1542, a Tn5-1087b-containing plasmid recovered from B14. That fragment overlaps the sequence 5Ј from rfbP. Both probes hybridized with bands SalE, PstE, and AvrK (30) . Corresponding blots prepared by digestion and electrophoresis of DNA from DR1822 showed hybridization to fragments with sizes of ca. 99 and 387 kb, 177 and 194 kb, and 47 and 194 kb when probed with the Anabaena sp. portion of pRL1660 and to the smaller of those fragments of SalE and the smaller of those fragments of PstE when probed with the EcoRV-XbaI fragment of pRL1542 (data not shown). These results of pulsedfield gel electrophoresis indicated that the rfb genes are oriented counterclockwise, at about 5.77 Mb in the genomic map of Anabaena sp. (30) . Earlier, preliminary results with entire labeled cosmid pRL1643 as a probe had led to the interpretation that the mutation in R56 was localized on a megaplasmid (27) . We cannot account for those earlier observations, which-unlike the results we report here-were based on reprobing of previously used blots.
LPSs and heterocysts of Anabaena mutants. LPS-containing extracts of the mutants and of the wild-type strain were analyzed by polyacrylamide gel electrophoresis and silver staining (Fig. 1) . DR1726 showed a ladder-like pattern of LPS similar to that of the wild-type strain. DR1822 appeared to lack LPS detectable by our electrophoretic system. DR1963 lacked a ladder-like pattern of LPS and instead produced one major broad band. In DR1967, a ladder-like pattern of LPS was observed, but molecules with shorter polysaccharide chains were more prominent. These results indicate that the phenotype of DR1963 is not a polar effect on rfbP of transposon insertion in rfbZ and that the phenotype of DR1822 is not a polar effect on rfbD or other downstream genes of transposon insertion in rfbP. Thin-layer chromatographic analysis (36) showed no change of heterocyst glycolipid components in DR1822 and DR1963 (data not shown). However, electron microscopic sections of a dozen heterocysts of DR1822 (plus identically prepared heterocysts of wild-type PCC 7120) showed evidence of probable aberrant deposition of envelope glycolipids in DR1822 (brackets in Fig. 4a and arrow in Fig. 4c ) and diminished deposition of heterocyst envelope polysaccharide except at the heterocyst poles. An apparent increase in the average thickness of the glycolipid layer in DR1822 relative to that in the wild-type strain (Fig. 4) may be a response to penetration of oxygen (23) .
DISCUSSION
It has been argued that the barrier to entry of O 2 that results from the glycolipid layer of the heterocyst envelope is essential for reducing the rate of entry of oxygen into heterocysts and thereby for maintaining the interior microaerobic and that the external, polysaccharide layer physically protects that layer, so that the two layers are required for nitrogen fixation in the presence of air (35, 47) . A mutation that resulted in loss of LPS (in strain DR1822) and one that changed the structure of its O antigen (in strain DR1963) both led to a Fox Ϫ phenotype. Electron micrographs of rfbP mutant DR1822 appeared to show a heterocyst envelope polysaccharide layer that is thinner than that of the wild-type strain except at the poles of the heterocyst and an aberrantly formed heterocyst envelope glycolipid layer (Fig. 4) . We tentatively attribute the Fox Ϫ phenotype of DR1822 to aberrant deposition of the heterocyst envelope.
LPS and heterocyst formation might be related in either or both of two ways. First, a modification or loss of the LPS in the cell that is differentiating may prevent transfer of the glycolipid or polysaccharide to or their proper deposition within the heterocyst envelope. Alternatively, the enzymes that are encoded by rfbP and rfbZ may be directly involved in synthesis of heterocyst envelope constituents as well as of LPS of vegetative (ϫ22,700) . Except at the polar region, the polysaccharide layer (P) is thinner than that of the wild-type strain (see panel b). The glycolipid layer (G) is, on average, thicker than in heterocysts of the wild-type strain and has sites of possible irregular deposition (brackets). (b) Wild type (ϫ24,100). The glycolipid layer is thickened only around the polar region. (c) Magnification of part of the glycolipid layer of DR1822 (ϫ112,000). The arrow points to a region in which the continuity of the laminae appears to be interrupted. diphospho-undecaprenol. Later steps in the synthesis of the O antigen unit of LPS involve sequential transfer of monosaccharides. It appears highly unlikely that RfbP of Anabaena sp. strain PCC 7120 could be involved both in the first step of synthesis of O antigen and in transfer of a side-branch galactosyl residue of the heterocyst envelope polysaccharide. Although galactosyl residues have been reported to be present in some heterocyst envelope glycolipids (19, 31) , they were not found in those glycolipids from PCC 7120. Mutants DR1822 and DR1963 both form the same glycolipid components as does the wild-type strain, and the transfer of glycolipids from the protoplast is also not curtailed. Therefore, it may be that deposition of heterocyst envelope glycolipids is in some manner affected by LPS. If so, then it appears that it is not the mere presence, but the detailed structure, of the long-chain O antigen that is important for deposition of a functional glycolipid layer.
With the same caveat that the rfbP-and rfbZ-encoded products may play a role in some cellular process other than synthesis of O antigen, the phage-resistant phenotypes of mutants DR1822 and DR1963 suggest that the structure of LPS O antigen may determine the susceptibility of Anabaena sp. to infection by cyanophages A-1(L) and A-4(L), with O antigen constituting the receptor to which the viruses adsorb. It is therefore of interest that pRL2031 restored phage sensitivity but not a Fox ϩ phenotype to mutant R56: perhaps R56 has a second mutation within the region that can be complemented by pRL1660.
Insertional inactivation of rfbP prevented the synthesis of O antigen, indicating that the synthetic process is rfbP dependent and so probably involves a block mechanism. In mutant DR1963, inactivation of rfbZ, which may encode a mannosyl transferase, abolished the synthesis of O antigen with a series of repeating units but led to the formation of a new LPS (or a mixture of LPSs whose syntheses are terminated at similar lengths). The new LPS (or mixture) was apparently not recognized by cyanophages A-1(L) and A-4(L) and did not support the formation of functional heterocysts. In another mutant, DR1967, in which rfbD, which presumably encodes a rhamnose synthetase, was inactivated, the distribution of LPS sizes was changed, but the nitrogen-fixing capability of heterocysts and the phage sensitivity were like those of the wild-type strain. Perhaps the mutation resulted in the loss of a rhamnosyl residue from the repeating subunit of the O antigen, whereupon additional subunits bound less readily to elongating polymers, with the result that a greater percentage of the O antigen chains were shorter in length. It appears that loss of either of two enzymes of LPS synthesis does not (or does not completely) abolish the synthesis of LPS. Therefore, the enzymes that are responsible for the assembly of O antigen unit chains on the lipid carrier and for transfer of O antigen units to lipid A-oligosaccharide core in Anabaena sp. can apparently tolerate some variation in their substrate. Such a phenomenon has also been observed in Salmonella sp. Trisaccharide repeating units lacking abequose were rapidly polymerized by an isolated cell envelope fraction of S. typhimurium (51) and an incomplete repeating unit, rhamnosyl-galactose, was transferred in vitro to form LPS (37) .
In gram-negative bacteria, rfb genes are usually clustered, and the order of the genes sometimes conforms to the sequence of the corresponding reactions (33) . Centrally located in the inserts of two cosmids that complement a mutation in a gene that is required for LPS biosynthesis in Anabaena sp. strain PCC 7120 are three ORFs whose products show extensive similarity to the products of three rfb genes. T. Chou and F. R. Tabita have independently found in Anabaena sp. strain CA rfbD-and rfbP-like genes in the same order as those in Anabaena sp. strain PCC 7120 (13) . We have shown that rfbZ, rfbP, and rfbD affect the synthesis of O antigen, suggesting that the cosmids may carry the rfb gene cluster of PCC 7120. Analysis of those genes, in combination with dissection of the O antigen structure of the wild type and of mutants such as DR1963 and DR1967, should help to elucidate the mechanism of biosynthesis of LPS in this and related cyanobacteria.
